The aim of this paper is to evaluate the efficiency of nutrients removal by Chlorella vulgaris (C. vulgaris). The study is comprised of five different fractions, having different quantities of C. vulgaris. From the batch reactor operations it was observed that increasing the content of C. vulgaris in the wastewater caused an apparent increase of removal rates in biochemical oxygen demand (BOD), chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), NH 3 -N and PO 4 -P. More quantitatively, increasing C. vulgaris content from 1 to 10 g/L caused an increase of removal rate of BOD from 80.41% to 82.92%; COD from 78.33% to 82.30%; TN from 81.04% to 84.81%; TP from 32.26% to 36.12%; NH 3 -N from 96.90% to 97.26%; and PO 4 -P from 44.76% to 48.71%. Moreover, run 4 fractions (6 g/L in wastewater) possessed a better removal rate than the other four fractions studied. The results also indicated that TN and NH 3 -N were more effectively removed than TP and PO 4 -P. The optimal ratio of C. vulgaris density and orthophosphate concentration caused an enhancement of removal efficiency.
Introduction
The excessive discharge of nitrogen and phosphorus through agricultural wastes, sewage water and various industrial effluents has caused great ecological eutrophication. Microalgae are widely employed as a tertiary treatment process to remove nitrogen and phosphorus from wastewater [1] , since they require nitrogen, phosphorus, CO 2 , and light for their autotrophic metabolic growth [2] . Bacteria can consume the oxygen released by the microalgae to decompose the organic matter available in the wastewater, giving out carbon dioxide, ammonia, and phosphates, which are assimilated by the microalgae [3] . Advantages of using algae for this purpose include: low operational cost, possibility of recycling assimilated nitrogen and phosphorus within the algae biomass as a fertilizer, avoidance of the sludge handling problem, and direct discharge of oxygenated effluent water into the water bodies. In addition, this process is not associated with carbon, as usually required for nitrogen and phosphorus removal, which is an additional advantage for the treatment of secondary effluents.
Recent studies have reported that many algal species, Chlamydomonas [4] , Botryococcus [5] , Chlorella [6] , Haematococcus [7] , Spirulina [8] , Scenedesmus [9] , were used to remove nitrogen, phosphorus and organic matter (biochemical oxygen demand [BOD] and chemical oxygen demand [COD] ) from raw wastewater. The mechanism involved in algal nutrient removal from wastewater was an uptake by the cells, and stripping ammonia through elevated pH [10] . Many previous studies correlated the removal of nitrogen, ammonia and phosphorus by algae with the quantized fixation of CO 2 . Tarlan et al. [11] studied the ability of Chlorella to treat wood-based pulp industry wastewater. They found 58% of COD, 84% of color and 80% of absorbable organic xenobiotics (AOX) removal at 20°C. Travieso et al. [12] tested the effect of initial concentration of settled piggery wastewater in the range 250-1,100 mg/L of COD on mixed culture of Chlorella vulgaris (C. vulgaris), and found 88% removal of COD from initial concentration (250 mg/L) within 190 hr at 20°C. Valderrama et al. [13] obtained 61%, 76.6%, and 28% removal efficiencies for COD, nitrogen, and phosphorus, respectively, by C. vulgaris in the treatment of diluted ethanol and citric acid production industry wastewater. However, the optimal concentration of microalgae for nutrient removal has yet to be investigated. Therefore, the aim of this study was to investigate the optimal concentration of C. vulgaris to remove nutrients in real wastewater treatment.
Materials and Methods

Microalgae Cultures, Medium and Chemicals
Analytical Methods
All samplings and measurements were carried out at the same time of day. Biomass was calculated from the microalgal dry weight produced per liter (g/L). The dry cell weight of the microalgal biomass was determined using the following procedure: 50 mL samples were removed once per day, and were centrifuged at 1,500 rpm for 15 min. The centrifuged samples were washed twice with distilled water and were dried at 105°C for 16 hr. The biomass productivity, C B , was defined using Eq. (1).
where, C b and C b0 are the biomass concentrations at time t and at starting time t 0 , respectively. The percentage of TN, TP, NH 3 -N, PO 4 -P, BOD, and COD removal was calculated at the interval of 8 days. Daily and at the same time, samples were withdrawn from flasks, and were centrifuged at 5,000-6,000 rpm, to separate algae. The BOD and COD were done according to the standard methods [14] in a certified laboratory. All the other analyses (PO 4 -P, NH 3 -N, TN, and TP) were analyzed photometrically by using a spectrometer (UVVis 1240; Tecator, Rodgau, Germany).
Results and Discussion
Removal of BOD and COD by C. vulgaris
BOD exploits the ability of microorganisms to oxidize organic material to CO 2 and water, using molecular oxygen as an oxidizing agent. Therefore, BOD can deplete the dissolved oxygen of receiving water leading to fish kills and anaerobiosis, hence its removal is a primary aim of wastewater treatment. Suspended solids are removed principally by physical sedimentation. C. vulgaris grows in the presence of carbon dioxide and light, known as the photosynthetic process: 6CO 2 + 12H 2 O + hν (light energy) → C 6 H 12 O 6 + 6O 2 + 6H 2 O. Hence, microalgae can utilize bicarbonate ions (HCO 3 -) or carbon dioxide as a carbon source for photosynthesis, with the help of an enzyme called carbonic anhydrites. In addition, inorganic nutrients, especially nitrogen and phosphate, are required for their metabolic growth [15] . The effects of BOD and COD reduction in the presence of C. vulgaris in wastewater were obtained, and are graphically represented in Fig. 1 . High removal percentages of BOD and COD from wastewater using C. vulgaris were observed.
The average percentage BOD reduction calculated under present experimental specification reached 80.41% for run 1, 80.41% for run 2, 80.64% for run 3, 82.92 % for run 4, and 82.71% for run 5. These results showed that there is no significant change in the percent BOD removal with increase of the dose of C. vulgaris from 1 to 10 g/L. Hence, even a low dose of C. vulgaris is enough to effectively reduce the BOD of the wastewater. Similarly, the COD removal at different C. vulgaris concentrations for 8 days of batch test showed that a total of 78.33%, 78.75%, 80.23%, 82.30%, and 81.03% COD was removed for run 1, run 2, run 3, run 4, and run 5, respectively. These results indicated that similar to BOD, COD removal was also not significantly affected by increasing the dose of microalgae. Typically, food/microorganism (F/M) ratios in the range 0.05 to 0.1 result in BOD removal efficiencies of about 95% to 99%. Between 0.1 and 0.2 the removal efficiency may be about 85% to 90% [1] . In this experiment, the F/M ratio rea. 
Characterization of Wastewater
Real wastewater was used for this experiment. The raw wastewater was obtained from preliminary sedimentation of the sewage plant at Gangneung (~1,852.56 ha), Korea. Table 1 represents the characteristics of the wastewater used for the present investigation over the entire trial period.
The analyzed raw wastewater was noted to be favourable in the possible treatment with microalgae for the removal of nutrients present. An excess ratio of COD/N/P ratio, i.e., 100/20/2 found with this wastewater is recommended for nutrient removal in the activated sludge plants. The BOD 5 /TP and BOD 5 / PO 4 ratios were found to be reasonably high. Similarly, the PO 4 / TP ratio was at its higher range for municipal wastewater. Lastly, calcium, potassium and manganese were not limiting for biological wastewater treatment, and iron was naturally present in the raw water.
Experimental Design of Batch Cultivation
To eliminate bacteria and protozoa, the wastewater samples were sterilized by autoclaving for 30 min. The experiments were conducted in batch reactor operation using 1 L conical flasks. At the beginning of each series of experiments, 500 mL of wastewater was inoculated in the flasks with pre-cultured C. vulgaris. To evaluate the efficiency of nutrients removal by C. vulgaris, five different fractions were prepared with different concentrations of C. vulgaris. These samples are termed as: raw wastewater with 1 g/L C. vulgaris (run 1), raw wastewater with 2 g/L C. vulgaris (run 2), raw wastewater with 4 g/L C. vulgaris (run 3), raw wastewater with 6 g/L C. vulgaris (run 4), and raw wastewater with 10 g/L C. vulgaris (run 5). The experiments were conducted using municipal wastewater for 8 days at neutral and constant pH (7.5 ± 0.3), constant temperature 25 ± 1°C, and at constant light intensity (100 µE/m 2 /sec). 3 -N by C. vulgaris in the treatment of synthetic wastewater in 8 days. The TN and NH 3 -N removal efficiencies achieved in this study were found to be slightly higher, compared to those in other studies.
Moreover, the rate of reduction of TN and NH 3 -N by C. vulgaris was obtained at the interval of 24 hr, and is represented graphically in Fig. 2 , which clearly indicates that most of the TN and NH 3 -N was removed within 24 hr of contact. Run 4 and run 5 reached 82.58%, 82.22% of TN reduction in 2 days, respectively. In contrast, run 1 (77.55%), run 2 (78.44%), and run 3 (78.14%) revealed little reduction of TN, compared to run 4 and run 5 after 1 day. The removal percentage of TN obtained in run 4 was a fraction higher than other fractions after 1 day. The removal patterns of TN in run 1 and run 2 fractions were very similar. In these fractions, which included low concentration of C. vulgaris, TN concentration was decreased by uptake until 1 day, increased until 4 days, and accumulated in C. vulgaris again after 4 days. While TN concentration in run 3 increased a little after 1 day, TN concentration in run 4 and run 5 fractions hardly increased after 1 day. A significantly different pattern was demonstrated for the NH 3 -N removal process, compared to TN, by the increased C. vulgaris concentration (Fig. 2) . The value of removal of NH 3 -N after 1 day was determined differently for run 1 (93.63%), run 2 (94.07%), run 3 (94.25%), run 4 (94.87%), and run 5 (94.25%).
Removal of TP and PO 4 -P by Various Concentrations of C. vulgaris
The reported phosphorus uptake efficiency varies depending on the media composition and environmental conditions, such as the initial nutrient concentration, light intensity, nitrogen/phosphorus ratio and the light/dark cycle or algae species [21] . The phosphorus uptake efficiency achieved in this study was higher, when compared to some other studies previously reported. For instance, an average of 28% phosphorus removal by C. vulgaris from 1.5-3.5 mg PO 4 /L containing diluted ethanol and citric acid production effluent was obtained [13] . Gonzalez et al. [22] obtained 55% phosphorus uptake from agro industrial (0.25) of wastewater was determined similarly for all fractions.
Hammouda et al. [16] reported 84% in BOD and 89% in COD removal, using C. vulgaris and Scenedesmus sp. in batch system. Govindan [17] reported BOD reduction from 75% to 95% and COD reduction from 72% to 91%, respectively, in a system with dairy wastewater in admixture with sewage. Biological treatment of domestic wastewater using algae indicated 68.4% BOD and 67.2% COD removal, respectively [10] . Rana [18] reported 89% in BOD and 88% COD reduction using C. vulgaris at 30°C during 48 hr. The wastewater treatment utilizing the algal-bacterial system [19] was capable of removing about 80% COD. A relatively lower efficiency of COD removal in the range between 59.2% and 79.4% was reported by Wood et al. [20] by combining the high rate algal pond, using filamentous green algae and an artificial wetland.
Removal of TN and NH 4 -N by Various Concentrations of C. vulgaris
Nitrogen exists in the form of ammonia, organic nitrogen, and nitrate. Several nitrogen removal mechanisms exist in aquaculture systems that remove or convert one form of nitrogen to another. The initial concentration of TN and NH 3 -N was found to be 53.33 and 11.30 mg/L, respectively. Table 2 shows the values of TN and NH 3 -N removed by C. vulgaris in real wastewater treatment.
Data indicated that the efficiency of TN removal was observed to be 81.04%, 83.42%, 84.30%, 84.81%, and 84.53% for run 1, run 2, run 3, run 4, and run 5, respectively, using the varied C. vulgaris dose ( Table 2 ). The run 4 fraction showed a slightly higher removal percentage of TN compared to the other frac- wastewater with a total phosphorus concentration of C. vulgaris and Scenedesmus dimorphus. However, our result showed that a maximum of 48.76% of PO 4 -P was removed for the initial concentration of PO 4 -P 4.04 mg/L (run 4); whereas the maximum total phosphorus was removed to 36.12% for the initial concentration of TP 6.23 mg/L (run 4 sample) ( Table 3) . PO 4 -P uptake was found to be 12% higher than the TP removal by C. vulgaris. Nutrients such as phosphorus must be supplied to significant excess for 8 days, since the phosphates make complexes with the complexing metal ions already present in the wastewater, which ultimately reduces the bioavailable phosphorus. The variation of TP uptake process with time at different C. vulgaris concentration for 8 days of batch test is depicted in Fig. 3 . Here again, it was noted that the change in TP or PO 4 -P concentration occurred mostly within 24 hr of contact with C. vulgaris. The latter period hardly affects the change in phosphorus concentration. This indicated that very fast removal of phosphorus took place in the presence of C. vulgaris, at least for the treatment of the wastewater employed.
The final PO 4 -P concentration in this study was around 2.07 to 2.23 mg/L with 44.76% to 48.71% uptake efficiency of (PO 4 -P) 0 = 4.04 mg/L. The higher C. vulgaris concentration, i.e., 10 g/L (run 5) resulted in less than 50% removal (Fig. 3) . PO 4 -P uptake was 42.98% for run 1, 43.27% for run 2, 44.26% for run 3, 44.75% for run 4, and 41.20% for run 5 after 1 day. The run 4 fraction was determined to be the highest PO 4 -P uptake rate after 1 day. The PO 4 -P uptake process was similar to the TP uptake process, which was almost unaffected with the PO 4 -P concentration after 1 day. The uptake of PO 4 -P was more effective than that of TP.
Conclusions
In the present study we have investigated the effect of optimal concentration of C. vulgaris for the removal of nutrients in real wastewater obtained from Gangneung, Korea. The results obtained showed that 32.26-36.26% of TP, 44.80-48.76% of PO 4 -P, 81.04-84.81% of TN and 96.90-97.26% of NH 3 -N were removed. TN and NH 3 -N were removed more effectively than TP and PO 4 -P. The optimal ratio of C. vulgaris density and orthophosphate concentration caused an enhancement of its removal efficiency. The run 4 fraction was determined to have 1.96-4% (TP), 0.25-3.96% (PO 4 -P) and 0.28-3.77% (TN) more nutrients removal, compared to the other four fractions. Therefore, run 4 (6 g/L in wastewater) had better concentration than other fractions for effective nutrients removal by C. vulgaris in municipal wastewater. In addition, nutrients were almost removed after 1 day; hence, the process seems to be fast. 
